Abstract: "Standard" roundabouts, for example those designed in some European countries, can often be characterized by low levels of safety or capacity and a high degree of sustainability. Given the proliferation of newer layouts, it is of interest to explore whether design practices could be improved by capitalizing on the experience gained internationally. Operational aspects of some of these designs have been explored previously, but there is a need to compare both the operational and safety performance of new designs to that of standard roundabouts. The objective of this paper is to evaluate the safety and operational implications of various potential alternatives to the standard roundabouts that proliferate in Europe and elsewhere. Microsimulation is used to simulate traffic operations at roundabout layout alternatives at the same levels of volume to capacity (V/C) ratio and also with the same traffic flow. Operational performance measures include the common level of service parameters, while measures of safety are based initially on time to collision (TTC) values. Threshold values of TTC were then applied in defining conflicts that are used for crash-based safety evaluation by applying crash-conflict models estimated in published research. Interesting insights were revealed, suggesting that the newer layouts should be considered where warranted by cost-benefit considerations.
Introduction
In the last decade, new roundabout types of great practical interest from a sustainability perspective have been designed or proposed to overcome some of the problems related to average speed, level of service, conflict points, and crashes that arise with standard roundabouts. The alternatives of interest for this paper are turbo roundabouts, flower roundabouts, and target roundabouts. Such intersections offer potential safety benefits and, under certain traffic conditions, have been shown to provide higher capacity and better operation than equivalent standard roundabouts.
The objective of this paper is to evaluate the safety and operational implications of various potential alternatives to standard roundabout layouts that proliferate in Italy and elsewhere. Building on previous research where the issue of alternative roundabouts was investigated [1, 2] , microsimulation is used to simulate traffic operations at roundabouts with standard and newer layouts at various levels of traffic volume. Performance measures include emissions and level of service, as well as measures of safety, including conflicts and speeds, both estimated from trajectories generated in the microsimulation. Microscopic traffic simulation has the potential to provide a safe and flexible test environment for the a priori estimation of traffic safety and performance effects brought about A turbo roundabout is an innovative and potentially more sustainable arrangement of a two-lane roundabout, where certain directional flows are separated or run alongside physically separated lanes ( Figure 1b) . These roundabouts aim to overcome such problems as two-lane roundabouts being too small and the inner circulatory lanes not being comfortable for younger and senior drivers because they feel insecure when changing lanes on a circulatory carriageway [2] . In a turbo roundabout, the traffic flows in separate paths even before actual entry into the roundabout, then occupies separate lanes throughout the roundabout, and also separate paths when exiting the roundabout. The physical separation of traffic lanes is only interrupted at places of entry into the inner circulatory carriageway. Since weaving on the roundabout is no longer possible, drivers should be assisted by clear signposting and lane marking. A special form of arrow-marking has been developed for turbo roundabouts, which ensures clearer lane selection. The first turbo roundabouts were installed in 2000 in the Netherlands. Since then, countries such as Poland, Germany, Finland, Norway, Slovenia, Denmark, Lithuania, and Czech Republic have adopted this solution.
The roundabout with "depressed" lanes for right-hand turners-known as the flower roundabout-has been proposed as a solution for achieving a higher level of traffic safety than existing two-lane roundabouts. One of the basic characteristics of the flower roundabout is the same as for the turbo roundabout-physically separated traffic lanes within the circulatory carriageway [4] . The other main characteristic of the flower roundabout is that all right-hand turners have their own separated lanes, known as bypasses (Figure 1c ). This means that the inner circulatory carriageway is only used by vehicles that drive straight through the roundabout at 180° and turn for three quarters of a circle (270°), or turn in a full circle (360°). By physically separating the right-hand turning traffic flow, a one-lane roundabout is obtained, whereby (unlike the turbo roundabout) there are no crossing conflict spots; however, unlike the case at the "standard" two-lane roundabout, there are also no weaving conflict spots. One vehicle transfers from the circulatory carriageway (within the curve) to the road section before the roundabout (usually a straight line), which is a safer solution from the traffic safety point of view. In effect, driving through a flower roundabout is not unlike like doing so at "standard" two-lane roundabouts, but this roundabout type "forgives errors", that is, if a driver mistakenly stays in the left lane at the entrance, it still allows them to turn A turbo roundabout is an innovative and potentially more sustainable arrangement of a two-lane roundabout, where certain directional flows are separated or run alongside physically separated lanes (Figure 1b) . These roundabouts aim to overcome such problems as two-lane roundabouts being too small and the inner circulatory lanes not being comfortable for younger and senior drivers because they feel insecure when changing lanes on a circulatory carriageway [2] . In a turbo roundabout, the traffic flows in separate paths even before actual entry into the roundabout, then occupies separate lanes throughout the roundabout, and also separate paths when exiting the roundabout. The physical separation of traffic lanes is only interrupted at places of entry into the inner circulatory carriageway. Since weaving on the roundabout is no longer possible, drivers should be assisted by clear signposting and lane marking. A special form of arrow-marking has been developed for turbo roundabouts, which ensures clearer lane selection. The first turbo roundabouts were installed in 2000 in the Netherlands. Since then, countries such as Poland, Germany, Finland, Norway, Slovenia, Denmark, Lithuania, and Czech Republic have adopted this solution.
The roundabout with "depressed" lanes for right-hand turners-known as the flower roundabout-has been proposed as a solution for achieving a higher level of traffic safety than existing two-lane roundabouts. One of the basic characteristics of the flower roundabout is the same as for the turbo roundabout-physically separated traffic lanes within the circulatory carriageway [4] . The other main characteristic of the flower roundabout is that all right-hand turners have their own separated lanes, known as bypasses (Figure 1c ). This means that the inner circulatory carriageway is only used by vehicles that drive straight through the roundabout at 180 • and turn for three quarters of a circle (270 • ), or turn in a full circle (360 • ). By physically separating the right-hand turning traffic flow, a one-lane roundabout is obtained, whereby (unlike the turbo roundabout) there are no crossing conflict spots; however, unlike the case at the "standard" two-lane roundabout, there are also no weaving conflict spots. One vehicle transfers from the circulatory carriageway (within the curve) to the road section before the roundabout (usually a straight line), which is a safer solution from the traffic safety point of view. In effect, driving through a flower roundabout is not unlike like doing so at "standard" two-lane roundabouts, but this roundabout type "forgives errors", that is, if a driver mistakenly stays in the left lane at the entrance, it still allows them to turn right at the next exit [2] . Finally, perhaps the best characteristic of the flower roundabout is that it can be implemented within the existing "standard" two-lane roundabout, as evidenced in Figure 1 .
A target roundabout is a dual one-lane roundabout on two levels with right-turn bypasses [5, 6] and is designed as a dual one-lane roundabout with different outer diameters, located on two levels (Figure 1d) , with all right-hand turners on both roundabouts having their own separate right-turn bypass lanes. The dual one-lane roundabout on two levels allows driving from all directions to all directions, and it "forgives errors", i.e., a driver who mistakenly stays at the entrance to the left-hand lane can turn right at the next exit (as opposed to the case for a turbo roundabout). By physically separating the right-turn traffic flow, dual one-lane roundabouts are characterized by no crossing conflict spots (unlike standard two-lane or turbo roundabouts), and no weaving conflict spots (unlike standard two-lane roundabouts). As for the turbo and flower roundabouts, when moving from the circulatory carriageway on to the road section, any possible weaving conflict spots are in front of a roundabout, which can improve traffic safety.
The target unconventional roundabout has had few, if any implementations anywhere in the world to our knowledge; therefore, it is only possible to evaluate it with a microsimulation model at the moment, a process that, admittedly, is not without limitations.
Methodology and Evaluation Approach
The evaluation was based on the simulation of traffic operating at roundabouts with alternative design layouts. A major advantage related to the use of simulation is the possibility to 'tailor' a model to meet the specific criteria of an existing real-world traffic situation and to incorporate those factors that have been identified as having a direct or indirect influence on traffic safety in estimating the influence on proximal indicators. These factors, which are especially relevant to the current study, include the exact geometric layout of the traffic site and the precise representation of traffic flows, including turning movements, through origin-destination matrices.
In short, simulation modeling allows the effects of various safety and operations-influencing measures to be preliminarily tested in a safe off-line environment in the early stages of research, development, and design [7] . That advantage is of especial relevance to this study, in which many different geometrical layouts for the same kind of intersection-a roundabout-are addressed in terms of safety and operational measures. More specifically, some geometrical layouts (flower and target roundabouts) are very recent or just theoretic, and it is not possible to perform an observational evaluation by collecting crash and operational data.
The microsimulation software tool VISSIM (Version 5.30) [8] was used to simulate operations at the roundabouts. This software can be used to generate all types of outputs simultaneously (safety, traffic performance, and capacity, allowing a more complete and comprehensive picture of the combined effects in making comparisons of various roundabout design scenarios.
The VISSIM output included vehicle trajectory files that were then imported into the Surrogate Safety Assessment Model-SSAM [9] , a software application designed to perform analyses of vehicle trajectory data output from microscopic traffic simulation models to derive proximal measures such as conflicts, based on thresholds for either time to collision (TTC) or post encroachment time (PET). The estimated conflicts were then applied in crash-conflict models for roundabouts developed in other research to compare the roundabout designs on the basis of expected crashes.
The approach of using proximal safety indicators such as conflicts has been suggested as an alternative to the use of crash data, especially where the facility being evaluated does not exist, and thus does not have a crash record. For example, Sayed and Zein [10] used traffic conflict safety indicator measures from unsignalized intersections to establish conflict frequency and severity measures in the form of an Intersection Conflict Index that could be used to compare the relative safety of different unsignalized intersections. Another key advantage (and prerequisite) of such proximal safety indicators is that they occur considerably more frequently than crashes, an advantage that is especially applicable to roundabouts. This suggests the possibility of using significantly shorter study periods to establish statistically reliable results.
Microsimulation Inputs
The maximum entry capacity for each roundabout scheme was defined as the entry flow corresponding to a volume to capacity (V/C) ratio of 0.8 to study the performance in an unsaturated traffic condition. The outputs were then normalized (per 1000 entering vehicles) for comparative evaluation. This comparison is problematic for safety performance, given the non-linear relationship between safety outcomes and traffic flow that is well established in the literature. To resolve this issue, safety performance of the roundabouts (as well as other measures for completeness) was also compared at a common entry flow of 2200 vph, representing approximately 80% of the lowest of the four effective entry capacities. These capacities are linked to the geometric layouts, specifically, number of lanes and outer diameter. The geometric parameters and capacities assumed for the evaluation are summarized in Table 1 . A large number of traffic simulations were run by considering a balanced traffic distribution matrix ρ, as depicted in Figure 2 , which also depicts the assumed geometric layouts. 
The maximum entry capacity for each roundabout scheme was defined as the entry flow corresponding to a volume to capacity (V/C) ratio of 0.8 to study the performance in an unsaturated traffic condition. The outputs were then normalized (per 1000 entering vehicles) for comparative evaluation. This comparison is problematic for safety performance, given the non-linear relationship between safety outcomes and traffic flow that is well established in the literature. To resolve this issue, safety performance of the roundabouts (as well as other measures for completeness) was also compared at a common entry flow of 2200 vph, representing approximately 80% of the lowest of the four effective entry capacities. These capacities are linked to the geometric layouts, specifically, number of lanes and outer diameter. The geometric parameters and capacities assumed for the evaluation are summarized in Table 1 . A large number of traffic simulations were run by considering a balanced traffic distribution matrix ρ, as depicted in Figure 2 , which also depicts the assumed geometric layouts. (Table 1) , with the simulations run at entry flows of 3160 veh/h, representing 80% of its capacity.
The four-arm turbo roundabout (Figure 2b ) has four lanes (two for each direction) in the main The simulations were run on a standard four-arm double-lane roundabout with a ring external diameter of 66 m, internal diameter of 46 m, and a ring lane width of 5 m for each lane (Figure 2a) . Each arm of the intersection has four lanes (two for each direction). Its capacity is taken as 3950 veh/h (Table 1) , with the simulations run at entry flows of 3160 veh/h, representing 80% of its capacity.
The four-arm turbo roundabout (Figure 2b ) has four lanes (two for each direction) in the main direction (A-C) and two lanes (one for each direction) in the other direction, and has not just one radius, but eight radii. The simulated roundabout has an average external diameter of the ring of 56 m, and an internal average diameter of 36 m, and each ring's lane width is 5 m (Figure 2b ). The turbo roundabout capacity is taken as 3725 veh/h (Table 1) , with the initial simulations run with 2980 veh/h, representing 80% of its capacity. It is useful to remember that the choice of the turbo roundabout also depends on the predominant direction of the main traffic flow. In effect, the predominant direction of the main traffic flow is a criterion for the choice of the turbo roundabout [1] .
The simulated flower roundabout is composed of a four-arm one-lane roundabout with a ring external diameter of 35 m, a ring internal diameter of 25 m, and a ring lane width of 5 m (Figure 2c) , as well as four bypasses for right turn maneuvers. Each arm of the intersection has four lanes (two for each direction). Its capacity is taken as 4600 veh/h (See Table 1 ), with the initial simulations run at 3680 veh/h, representing 80% of its capacity.
The simulated target roundabout is composed of two four-arm one-lane roundabouts. The upper roundabout, the larger of the two, has a ring external diameter of 72 m, a ring internal diameter of 62 m, and a ring lane width of 5 m; the lower roundabout has a ring external diameter of 48 m, a ring internal diameter of 38 m, and a ring lane width of 5 m. There are also two bypasses for right turn maneuvers from both directions A to D and C to B (Figure 2d ). Each arm has five lanes in the main direction (A-C) and four lanes in the other direction (B-D). Its capacity is taken as 5500 veh/h (Table 1) , with the initial simulations run at 4400 veh/h, representing 80% of its capacity.
Calibration
Several studies have emphasized the importance of the calibration and validation process that allows microsimulation tools to provide reliable output. Thus, estimated traffic flow data for the analyzed intersections were used to calibrate microsimulation model parameters to try to reach reliable and realistic outputs, in terms of functional and safety performance measures. Through this approach, the simulation data can reflect the values estimated by meta-analytical models in the literature. To this end, it was decided to calibrate the Wiedemann 74 car-following model [11] used by PTV VISSIM software (version 6) in order to reliably and realistically simulate vehicle traffic within unconventional roundabouts.
The meta-analytic model used was able to estimate the instantaneous circulating traffic flow entering from the entry arm (e.g., west), depending on the conflicting traffic flow entering from upstream arm (e.g., north), as shown in Figure 3 . That model is the general one created by Hagring [12, 13] , which uses Equation (1) to determine the capacity of the arm to vary with the conflicting flow, Q c . Specifically, the parameters T c = critical headway (s), T f = follow-up headway (s), and ∆ = the minimum headway of major traffic flow (s) used in Equation (1) were estimated by Giuffrè et al. [14] :
where M is the hourly traffic volume from the traffic model and C is the hourly traffic count. Table 2 provides some interpretations of these values with respect to the calibration. GEHi GEH Interpretation GEHi < 5 GEH > 85% Acceptable value 5 < GEHi < 10 85% < GEH < 70% Probable error in model development or wrong data GEHi > 10 GEH < 70% High probability of error in pattern development or wrong data
The calibration task was approached by changing the VISSIM parameter set for the "Driving Behavior Parameter Set\Following". Specifically, the optimal combination obtained by the calibration process is: -Look ahead distance: maximum of 105 m instead of the default value equal to 250 m; -Look back distance: set to 30 m longer than the default value equal to 250 m; -Temporary lack of attention: duration 1 s; probability 8%; -Flagging smooth close-up behavior; -Average standstill distance: set value equal to 5.00 instead of the default value equal to 2.00; -Additive part of safety distance: set value equal to 3.6 instead of the default value equal to 2.00; -Multiple of safety distance: set value equal to 2.00 instead of the default value equal to 3.00.
Using the Wiedemann 74 car-following model calibrated with the above parameters, the values of GEH reported in Table 3 were obtained. In order to calibrate the VISSIM car-following model, an origin/destination (O/D)matrix was selected whereby there are two traffic flows for the directions west-east and north-south. The west-east traffic flow is fixed in such a way that the arm is always at its maximum capacity, while the north-south traffic flow is varied from a Q c equal to 0 veh/h to a Q c equal to 1400 veh/h with steps of about 200 veh/h.
Starting the simulation with the VISSIM software, the dashed curve in the Figure 3 was obtained, from which it is possible to extrapolate the black curve obtained from the application of Equation (1). The car-following model was considered to be satisfactorily calibrated when the two curves overlap. To further explore the model's validity, the Geoffrey E. Havers (GEH) statistic index (2) was used as the criterion for accepting the template. This index is a global indicator widely used for the validation of traffic simulation models, especially when only aggregate values such as traffic flow counts in time-based detection stations and input capacity are available [15] . The GEH index value is the average over n-it was considered equal to 8-simulations of the index for each simulation i, as follows:
where M is the hourly traffic volume from the traffic model and C is the hourly traffic count. Table 2 provides some interpretations of these values with respect to the calibration. 
GEH i GEH Interpretation
GEH i < 5 GEH > 85% Acceptable value 5 < GEH i < 10 85% < GEH < 70% Probable error in model development or wrong data GEH i > 10 GEH < 70% High probability of error in pattern development or wrong data
The calibration task was approached by changing the VISSIM parameter set for the "Driving Behavior Parameter Set\Following". Specifically, the optimal combination obtained by the calibration process is: -Look ahead distance: maximum of 105 m instead of the default value equal to 250 m; -Look back distance: set to 30 m longer than the default value equal to 250 m; -Temporary lack of attention: duration 1 s; probability 8%; -Flagging smooth close-up behavior;
Sustainability 2017, 9, 2084 7 of 13 -Average standstill distance: set value equal to 5.00 instead of the default value equal to 2.00; -Additive part of safety distance: set value equal to 3.6 instead of the default value equal to 2.00; -Multiple of safety distance: set value equal to 2.00 instead of the default value equal to 3.00.
Using the Wiedemann 74 car-following model calibrated with the above parameters, the values of GEH reported in Table 3 were obtained. Finally, the calibration parameters for "Lane change" and "Lateral" were taken from the research conducted by Shahdah et al. [16] . Figure 4 shows the comparison of absolute and normalized operational performance measures for different roundabout layouts for entry flows at 80% of capacity. It can be seen that the target roundabout has the highest absolute and normalized values (per 1000 entering vehicles). Finally, the calibration parameters for "Lane change" and "Lateral" were taken from the research conducted by Shahdah et al. [16] . Figure 4 shows the comparison of absolute and normalized operational performance measures for different roundabout layouts for entry flows at 80% of capacity. It can be seen that the target roundabout has the highest absolute and normalized values (per 1000 entering vehicles). Figure 4 shows also that the turbo roundabout has the largest values of average queue delay and number of stops for both 80% of the capacity and 1000 vehicle entry flow levels. On balance, considering the three performance measures as a whole, the double lane roundabout seems best for both 80% of the capacity and 1000 vehicle entry flow levels. These results seem reasonable because the choice to upgrade the roundabout design from the traditional to the unconventional ones is often linked to high traffic flow observed for the actual (traditional) design solution. Figure 5 shows the comparison of absolute performance measures for different roundabout layouts for entry flows of 2200 veh/h. In terms of queue length and queue delay, the turbo roundabout and flower roundabout do not perform as well as the double-lane roundabout. Of course, this may be a result of the specific O/D matrix selected. At the same time, from the comparison shown in Figure 5 , the target roundabout performs the best for all measures, contrary to the results for flows of 80% of capacity. This is because the target roundabout would be an overdesign for this traffic demand and therefore unlikely be a cost-effective design compared to the traditional one. Average queue length [s] Average queue delay Number of stops Figure 4 shows also that the turbo roundabout has the largest values of average queue delay and number of stops for both 80% of the capacity and 1000 vehicle entry flow levels. On balance, considering the three performance measures as a whole, the double lane roundabout seems best for both 80% of the capacity and 1000 vehicle entry flow levels. These results seem reasonable because the choice to upgrade the roundabout design from the traditional to the unconventional ones is often linked to high traffic flow observed for the actual (traditional) design solution. Figure 5 shows the comparison of absolute performance measures for different roundabout layouts for entry flows of 2200 veh/h. In terms of queue length and queue delay, the turbo roundabout and flower roundabout do not perform as well as the double-lane roundabout. Of course, this may be a result of the specific O/D matrix selected. At the same time, from the comparison shown in Figure 5 , the target roundabout performs the best for all measures, contrary to the results for flows of 80% of capacity. This is because the target roundabout would be an overdesign for this traffic demand and therefore unlikely be a cost-effective design compared to the traditional one. Figure 5 Figure 5 , the target roundabout performs the best for all measures, contrary to the results for flows of 80% of capacity. This is because the target roundabout would be an overdesign for this traffic demand and therefore unlikely be a cost-effective design compared to the traditional one. 
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shows the comparison of absolute performance measures for different roundabout layouts for entry flows of 2200 veh/h. In terms of queue length and queue delay, the turbo roundabout and flower roundabout do not perform as well as the double-lane roundabout. Of course, this may be a result of the specific O/D matrix selected. At the same time, from the comparison shown in
Safety Performance Measures
As mentioned earlier, these measures were derived using SSAM with the vehicle trajectory files from the VISSIM microsimulation. The time to collision (TTC) is a safety indicator based on an objective measure of speed and distance for conflicting road users in relation to a common conflict point [17] . The post encroachment time (PET) is a safety indicator that represents a measure [18] of the elapsed time between the departure of an encroaching vehicle and the actual arrival of a trailing vehicle at the same location. TTC and PET are both indicators of collision propensity, with smaller minimum values during a conflict event indicating a higher probability of, or nearness to a collision [19] . For TTC, the analysis was conducted with conflicts specified as both 0.1 s < TTC <1.5 s. For the PET indicator, conflicts were specified as 0.5 s < PET < 2.5 s. Among the data associated with each conflict is a MinTTC variable, which is the simulation time where the minimum TTC value for that conflict was observed [20] . That variable was used to filter out all conflicts that occurred during the simulation time.
Three comparative safety evaluations were conducted based on different measures: -The First V and Second V MinTTC value, i.e., the speed of the first and second vehicles at MinTTC, for entry flows of 0.8 V/C (absolute and normalized per 1000 vehicles) and for 2200 veh/h; -The estimated conflicts from SSAM. This is done for entry flows of 0.8 V/C (absolute and normalized per 1000 vehicles) and for 2200 veh/h; -Estimated crashes based on applying estimated conflicts (for entry flows of 0.8 V/C and for 2200 veh/h) in crash-conflict models; Figure 6 shows that the First V MinTTC value, i.e., the speed of the first vehicle at MinTTC, is almost the same for the double lane, the turbo, and the target roundabouts, but is lower in the flower roundabout. A similar trend was obtained for Second V MinTTC (Figure 6 ), i.e., the speed of the second vehicle at MinTTC, for which the flower roundabout again has the lowest average value. Figure 7 shows a comparison of the estimated conflicts for entry flows of 0.8 V/C and entering flows of 2200. The best performance is achieved by the turbo roundabout layout when the entering flow is equal to 0.8 V/C. The flower roundabout and the target roundabout have essentially the same level of potential conflicts when the entering flow is equal to 0.8 V/C, likely a result of the higher traffic volume at these layouts (3680 veh/h for the flower and 4400 veh/h for the target roundabouts). On the other hand, for the same entering flow of 2200 veh/h, the turbo roundabout is the best solution among the three at-grade layouts, while the target roundabout's apparent superiority is likely due to the considerable overdesign for this traffic volume level, as noted earlier.
veh/h) in crash-conflict models; Figure 6 shows that the First V MinTTC value, i.e., the speed of the first vehicle at MinTTC, is almost the same for the double lane, the turbo, and the target roundabouts, but is lower in the flower roundabout. A similar trend was obtained for Second V MinTTC (Figure 6 ), i.e., the speed of the second vehicle at MinTTC, for which the flower roundabout again has the lowest average value. On the other hand, for the same entering flow of 2200 veh/h, the turbo roundabout is the best solution among the three at-grade layouts, while the target roundabout's apparent superiority is likely due to the considerable overdesign for this traffic volume level, as noted earlier. In Figure 8 , it is possible to see that the pattern in the conflict path or density is quite different among the roundabout designs evaluated for the given traffic (2200 veh/h). The double-lane roundabout concentrates the conflicts along the ring; the flower roundabout concentrates the conflicts both along the arms and the ring; the turbo roundabout shows the most conflicts along the arm. Finally, the target roundabout shows very few conflict events. In Figure 8 , it is possible to see that the pattern in the conflict path or density is quite different among the roundabout designs evaluated for the given traffic (2200 veh/h). The double-lane roundabout concentrates the conflicts along the ring; the flower roundabout concentrates the conflicts both along the arms and the ring; the turbo roundabout shows the most conflicts along the arm. Finally, the target roundabout shows very few conflict events.
In Figure 8 , it is possible to see that the pattern in the conflict path or density is quite different among the roundabout designs evaluated for the given traffic (2200 veh/h). The double-lane roundabout concentrates the conflicts along the ring; the flower roundabout concentrates the conflicts both along the arms and the ring; the turbo roundabout shows the most conflicts along the arm. Finally, the target roundabout shows very few conflict events. For the comparison of estimated crashes, the crash-conflict models developed by Saulino et al. [21] for roundabouts were used. These models were as follows:
The conflict prediction models, which are reproduced in Table 4 , contain the peak hour volume (PHV), and considers the peak hour conflicts simulated (PHC AAS ) in Equation (3) before estimating crashes (CRA) with Equation (4), whose parameters are also shown in Table 4 . The results of the comparison are depicted in Figure 9 , which reflects the results based on conflicts, showing that the turbo roundabout had the best safety performance for the at-grade roundabouts, and the flower roundabout had the worst.
MAD (Mean
The results of the comparison are depicted in Figure 9 , which reflects the results based on conflicts, showing that the turbo roundabout had the best safety performance for the at-grade roundabouts, and the flower roundabout had the worst. At first glance, it would seem counterintuitive that the flower roundabout, with separated right turns, has the worst safety results based on conflicts. However, the flower roundabout performance in terms of safety could depend on the O/D matrix selected as well as the traffic flow considered. For example, the matrix considered was not focused on right-turn maneuvers, so just 33% of the movements were right turns, in contrast to the 66% of movements that were either left turn or At first glance, it would seem counterintuitive that the flower roundabout, with separated right turns, has the worst safety results based on conflicts. However, the flower roundabout performance in terms of safety could depend on the O/D matrix selected as well as the traffic flow considered. For example, the matrix considered was not focused on right-turn maneuvers, so just 33% of the movements were right turns, in contrast to the 66% of movements that were either left turn or through. In addition, for the hourly traffic flow considered, it is possible that some types of conflicts such as rear-end could proliferate. Thus, for the O/D matrix considered when the simulated traffic flow was equal to 80% of capacity, the flower roundabout was the worse layout, but the relative safety performance improved for a traffic flow of 2200 veh/h, in that the flower roundabout had a larger improvement in safety performance (in terms of percent reduction in conflicts) than the double lane or turbo roundabouts.
Summary and Further Research
For this research, microsimulation was used to simulate traffic operations at roundabouts with standard and newer layouts at various levels of traffic volume. Performance measures were obtained, including measures of safety that were based on conflicts estimated from trajectories generated in the microsimulation.
Regarding operational performance measures, the target roundabout has the largest queue length when traffic volume is 80% of its capacity. On the other hand, normalized for 1000 vehicles entering, the target and the turbo roundabout values have similar queue lengths. The maximum value of average queue delay was obtained in the turbo roundabout, which also has the highest number of stops for both 80% of the capacity and 1000 vehicle entry flow levels. The comparison of the roundabouts at the same entry flow level (2200 veh/h) produces different results. In that case, for the O/D matrix considered, the flower roundabout has the largest queue length as well as queue delay. The target roundabout seems best at this demand level, unlike the case for operation at 80% of capacity, but this benefit must be considered in the light of the cost of construction, since the target roundabout is likely overdesigned and therefore not cost-beneficial for lower traffic demands. On balance, considering the three performance measures as a whole, the double lane roundabout seems best for both 80% of the capacity and 1000 vehicle entry flow levels.
Regarding safety performance measures, for both predicted conflicts and expected crashes, the highest values pertained to the flower roundabout and the lowest values for the target roundabout when the entering traffic is equal to 2200 veh/h. As was the case for the operational benefits, this advantage of the target roundabout is unlikely to be cost-beneficial, since it is overdesigned for this lower traffic demand. Considering the less expensive at-grade roundabouts-double lane, flower, and turbo-the best safety performance is attained by the turbo roundabout both for entry flows of 0.8 V/C and 2200 veh/h.
The research is on-going. In the near future, the layouts would be evaluated at different traffic volume levels given the promise of the comparative evaluation approach presented in this paper. In addition, the designs will be evaluated in the presence of automated vehicles at various penetration levels by applying behavioral parameters in VISSIM that have been proposed in recent and on-going research by others.
